
����������
�������

Citation: Arribas, M.; Del Molino, E.;

Gutiérrez, T.; Arlazarov, A.; Martin,

D.; De Caro, D.; Ayenampudi, S.;

Santofimia, M.J. Characterization of a

Medium Mn-Ni Steel Q&P Treated by

a High Partitioning Temperature

Cycle. Metals 2022, 12, 483. https://

doi.org/10.3390/met12030483

Academic Editors: Francesca Borgioli

and Alexander McLean

Received: 16 February 2022

Accepted: 10 March 2022

Published: 13 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Characterization of a Medium Mn-Ni Steel Q&P Treated by a
High Partitioning Temperature Cycle
Maribel Arribas 1,*, Eider Del Molino 1,2 , Teresa Gutiérrez 1, Artem Arlazarov 3, David Martin 4,
Daniele De Caro 5, Sudhindra Ayenampudi 6 and Maria J. Santofimia 6

1 Tecnalia, Basque Research and Technology Alliance (BRTA), Parque Científico y Tecnológico de Bizkaia,
Astondo Bidea 700, 48160 Derio, Spain; eider.delmolino@tecnalia.com (E.D.M.);
teresa.gutierrez@tecnalia.com (T.G.)

2 Department Mining, Metallurgical and Materials Science, UPV/EHU, Plaza Torres Quevedo 1,
48013 Bilbao, Spain

3 ArcelorMittal Maizieres Research SA, Voie Romaine-BP30320, 57283 Maizières-lès-Metz, France;
artem.arlazarov@arcelormittal.com

4 Swerim AB, Isafjordsgatan 28A, 164 40 Stockholm, Sweden; david.martin@cbmm.com
5 Centro Ricerche Fiat, Corso Settembrini 40, Porta 8, Corpo 1, 10135 Torino, Italy;

daniele.de-caro@stellantis.com
6 Department of Materials Science and Engineering, Delft University of Technology, Mekelweg 2,

2628 CD Delft, The Netherlands; s.ayenampudi@tudelft.nl (S.A.); m.j.santofimianavarro@tudelft.nl (M.J.S.)
* Correspondence: maribel.arribas@tecnalia.com; Tel.: +34-667178882

Abstract: In this work, a medium Mn-Ni steel was treated through Quenching and Partitioning
(Q&P) with a partitioning temperature (PT) of 650 ◦C, which corresponded to the start of the austenite
reverse transformation (ART) phenomenon. The influence of the quenching temperature (QT) and
partitioning time (Pt) on austenite stabilization and mechanical properties was investigated. A strong
influence of the quenching temperature was observed. Results were compared with those obtained
after a Q&P treatment with 400 ◦C partitioning temperature. The Q&P cycle with quenching to room
temperature and a high partitioning temperature produced a steel with a high retained austenite
(RA) volume fraction and exceptional strength–ductility balance. The analysis of the mechanical
stability of the retained austenite revealed a significant stress-induced transformation. Nevertheless,
the austenite, which was stable at stresses above the yield stress, provided significant TRIP-assisted
ductility. Bending, hole expansion and post-stamping properties were also evaluated for the most
promising conditions.

Keywords: quenching and partitioning; medium Mn steels; austenite reverse transformation;
austenite stability

1. Introduction

In the development of Third-Generation Advanced High-Strength Steels for the auto-
motive sector, Quenching & Partitioning (Q&P) steels and intercritically annealed medium
Mn steels (MMnS) are considered the most promising candidates. These steels are able to
simultaneously provide high strength and ductility, which is needed for the reduction of
vehicles’ weight and increased passenger safety [1,2]. Both are multiphase steels containing
a high amount of retained austenite (RA) in their microstructures. Under mechanical load-
ing, the retained austenite transforms into martensite, leading to their high elongation and,
also in part, strength, through the transformation-induced plasticity (TRIP) effect. The Q&P
concept is based on the stabilization of austenite by carbon partitioning from pre-quenched
martensite [3]. In medium Mn steels, austenite is formed by austenite reversion in the
intercritical domain and it is stabilized by manganese partitioning [4,5].

Medium Mn steels contain a rather high volume fraction of retained austenite, in the
range of 0.20–0.40 [6–8]. The stability of retained austenite and the ultra-fine microstructure
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seem to play a key role in the impressive strength–ductility balance of these steels [9–12].
The stability of retained austenite, and thereby the work hardening behavior, is determined
by the parameters of the annealing process and the chemical composition of the mate-
rial [6,13]. Furthermore, a high yield ratio (Yield strength (YS)/Tensile strength (TS)) can be
achieved under certain processing conditions [6], which is usually correlated with good lo-
calized deformation such as hole expansion. Comparatively, Q&P steels present in general a
lower strength–ductility balance. However, considering typical retained austenite fractions
of 0.05–0.10 and a low fraction of fresh martensite, the yield ratio is rather high, which
represents a clear advantage in terms of safety and localized deformation performance,
such as during hole expansion tests [14,15].

Alloying with Mn is a common practice in both types of steels. In Q&P steels, Mn
is added to reduce the bainite formation window and increase the bainite incubation
time [16,17]. In MMnS steels, higher amounts of Mn (4–10 wt.%) are added to promote
austenite stabilization. Recently, steels containing medium Mn additions have also been
investigated for being treated by the Q&P thermal route. In the latter, the increase in Mn
content responds to two different targets:

1. The shift of the martensitic transformation temperature to a lower value, allowing
the selection of near room temperature as the quenching stop temperature (QT).
In this approach, the key is to obtain the optimum austenite volume fraction and
stability with room temperature quenching [18–20]. The benefit is clear in terms of
process control, as the control of the quenching temperature during Q&P to higher
temperatures requires sophisticated cooling equipment.

2. The stabilization of austenite not only by carbon, but also by Mn enrichment of austen-
ite. Early assumptions considered that the Q&P process implies the partitioning of
only carbon from martensite to austenite by diffusion through an immobile marten-
site/austenite interface. However, a later study considered the possible interface
migration during partitioning, highlighting the importance of interface migration
to adjust the retained austenite fraction [21]. Afterward, many publications experi-
mentally analyzed and modeled the martensite/austenite interface migration and
the formation of austenite and provided evidence for the partitioning of both inter-
stitial carbon and substitutional Mn during the Q&P processing [22–25]. In these
publications, the Mn content was equal to or higher than 3 wt.% and the partition-
ing temperature (PT) was limited to 450 ◦C. It was observed that the partitioning
of Mn only occurred a few nanometers away from the interface. In [21], it was pre-
sumed that at elevated partitioning temperatures, interface migration was likely to
be of the greatest importance due to the higher mobility of iron and substitutional
alloying elements.

In relation to the second target, the present work analyzes the effects of increasing the
partitioning temperature on a Q&P thermal route applied to a medium Mn steel. Until
now, little research on this issue has been available in the literature [26–28]. These studies
reported that the heat treatments with partitioning temperatures in the range of 500 ◦C
to 600 ◦C were not effective for stabilizing austenite due to the abundant competitive
reactions (mainly pearlite formation and cementite precipitation). However, partition
treatments performed at higher temperatures, within the intercritical range, resulted in high
austenite volume fractions in the final microstructure, as a result of the austenite reverse
transformation (ART) phenomenon, leading to effective austenite stabilization. However,
the high austenite volume fraction did not result in a significant improvement in mechanical
properties [27], which was potentially due to the formation of secondary martensite after
partitioning and the poor mechanical stability of austenite. In a related work [29], an initial
primary martensite + pre-existing austenite microstructure was reheated to the intercritical
region and the formation of new austenite was studied in a Fe 0.2C 8Mn 2Al steel alloy. It
was observed that a small amount of pre-existing austenite could apparently accelerate
the austenite reversion kinetics as compared with the conventional ART. Moreover, an
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excessive fraction of pre-existing austenite resulted in coarse secondary martensite, which
made the material very brittle.

The aim of the present work was to investigate new conditions of the so-called high
partitioning temperature Q&P process, specifically a partitioning temperature equal to the
ART start temperature and lower partitioning times (Pt). Additionally, we aim to provide a
new understanding of the thermal and mechanical stability of the austenite obtained by this
thermal route. The new thermal cycles were applied to a medium Mn steel containing Ni.
The addition of both Mn and Ni was made to promote the partitioning of these elements
in order to increase the stability of the austenite. Although, in comparison with Mn, the
amount of experimental work in the field of Ni partitioning is lower, the published results
in the field suggest effective austenite stabilization by Ni [30,31]. The addition of Ni was
also motivated by its lower segregation in comparison with Mn.

2. Materials and Methods

A low-carbon, medium Mn- and Ni-containing steel (hereafter M-MnNi steel) was
produced in the laboratory using a vacuum induction melting furnace. The chemical
composition of this steel was based on the steel with better performance in terms of
austenite stabilization investigated in [27]. Here, the carbon content was slightly raised
with the aim of further increasing the stability of austenite. Additionally, a lower Mn
and Ni free steel (hereafter L-Mn steel), representative of a more standard Q&P steel, was
also produced in the laboratory and Q&P-treated employing a conventional partitioning
temperature, for comparison purposes. The carbon content in L-Mn steel was slightly lower
than in M-MnNi steel, the Mn and Ni content being the main difference. Table 1 shows the
chemical composition for both steels.

Table 1. Chemical composition of the steels (wt.%).

Steel C Mn Ni Si P S N

L-Mn 0.194 2.01 0.001 1.49 0.0012 0.002 0.002
M-MnNi 0.243 5.60 1.811 1.44 0.008 0.002 0.001

The ingots were reheated to ~1250 ◦C and a roughing stage was firstly performed to
decrease the thickness from 60 mm to 30 mm. The obtained slabs were then cut into 5 small
ingots, which were hot-rolled after being reheated to ~1250 ◦C. The hot rolling consisted
of five hot rolling passes (end temperature of rolling approximately above 900 ◦C) and
coiling at 500 ◦C. The hot-rolled sheets of approximately 4 mm thickness were ground on
both surfaces to decrease the thickness to 2.8 mm. Then, the sheets were cold-rolled with
approximately 50% reduction to 1.5 mm thickness sheets. In the case of M-MnNi steel, a
softening annealing was applied before cold rolling, which consisted of holding at 600 ◦C
for 1 h followed by water quenching.

The details of the Q&P thermal cycles are shown in Figure 1. The low-Mn steel was
heat-treated by a Q&P cycle (Figure 1a) in which a quenching temperature corresponding
to 0.25 austenite volume fraction (hereafter QT25) was selected and a partitioning stage was
applied at 400 ◦C (hereafter low PT) for 120 s and 300 s (hereafter Pt120 and Pt300, respec-
tively). The medium Mn and Ni steel was heat-treated by different Q&P cycles where QT,
PT and Pt were varied. Partitioning temperatures were 400 ◦C (low PT) and 650 ◦C (here-
after high PT). In the low PT condition, the QT25 condition was considered (Figure 1b). The
high PT condition (650 ◦C) corresponded to the temperature at which the ART phenomenon
started, which was determined by dilatometry in advance, as described later. With the aim
of analyzing the ART phenomenon starting from different austenite/martensite balances,
two quenching temperatures were selected, which corresponded to 0.25 (QT25) and 0.15
(hereafter QT15) austenite volume fractions (Figure 1b,c, respectively). Partitioning times
were 120 s and 300 s. The list of experimental conditions, experimental groups, variables
analyzed and control group is shown in Table 2. The variables listed in the table are steel
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grade, QT and PT. Additionally, two Pt conditions were considered in each experimental
group. The influence of PT was studied in experimental groups 1 and 2. The investigation of
new PT conditions close to the ART start temperature, in combination with new Pts, would
be part of a future work. The aim would be the definition of the optimum temperature and
time conditions to further improve the mechanical properties.
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Figure 1. Schemes of the Q&P processing cycles applied in (a) L-Mn steel; (b) M-MnNi steel—
quenching temperature corresponding to 0.25 austenite volume fraction (QT25); and (c) M-MnNi
steel—quenching temperature corresponding to 0.15 austenite volume fraction (QT15).
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Table 2. Experimental conditions, experimental groups, variables and control group.

Experimental Conditions Experimental
Group Variable Control

Group

No Steel QT PT (◦C) Pt (s) - - -

1 L-Mn QT25 400 120 - - x (of group 1)
2 L-Mn QT25 400 300 - -

3 M-MnNi QT25 400 120 Group 1 Steel
grade x (of group 2)

4 M-MnNi QT25 400 300

5 M-MnNi QT25 650 120 Group 2 PT x (of group 3)
6 M-MnNi QT25 650 300

7 M-MnNi QT15 650 120 Group 3 QT -
8 M-MnNi QT15 650 300

The first austenization temperature was defined as Ac3 + 50 ◦C in both steels. Prelimi-
nary dilatometer experiments were accomplished in order to determine Ac3 temperatures
and, also, critical cooling rates (CCR) to avoid diffusion-based phase transformation. A LIN-
SEIS L78 RITA dilatometer and cylindrical samples with 3 mm diameter and 10 mm length
were employed. First, Ac3 temperatures were determined by heating the samples at 5 ◦C/s
up to 1000 ◦C. Then, CCR and quenching temperatures QT25 and QT15 were determined
by considering an austenization temperature equal to Ac3 + 50 ◦C with a holding time
of 120 s. Critical cooling rates were determined to be 60 ◦C/s and 0.1 ◦C/s in L-Mn and
M-MnNi steels, respectively. In order to determine quenching temperatures, samples were
cooled down to room temperature by employing a cooling rate above CCR, specifically at
100 ◦C/s for L-Mn steel and at 20 ◦C/s in M-MnNi steel, and then were reheated up to
500 ◦C at 5 ◦C/s. From the resulting dilatometry curves, applying the lever rule between
the expansion of the untransformed austenite curve and that from the reheating, martensite
transformation curves were calculated. Thus, QT25 were determined to be 300 ◦C and
75 ◦C in L-Mn and M-MnNi steels, respectively. Concerning the QT15 temperature in
M-MnNi steel, 0.15 austenite volume fraction was measured in the direct quenching done
in the dilatometer experiments. The measurement of retained austenite in the quenched
microstructure was determined by magnetic saturation experiments. Therefore, QT15 in
M-MnNi steel was defined to be room temperature.

The temperature for the start of the ART phenomenon in M-MnNi steel was also
obtained by dilatometry. In this case, samples were heated at Ac3 + 50 ◦C, held for 120 s,
cooled down as previously described until QT25 and QT15, and afterwards the samples
were reheated again up to Ac3 + 50 ◦C at 10 ◦C/s. The temperature at which the austenite
reverse transformation started was determined from the volume contraction observed in
the dilatometry curve, being 650 ◦C in both QT conditions analyzed.

The defined Q&P cycles were applied employing one classical resistance furnace for
the first heating and two standard salt baths. The dimensions of the employed specimens
were 200 mm in length and 150 mm in width. In L-Mn steel, the quenching step was
done employing a salt bath heated at 300 ◦C. For M-MnNi steel, given that the critical
cooling rate was 0.1 ◦C/s, forced air cooling was employed in the quenching step to 75 ◦C
and room temperature. The temperature was controlled during the cycle using standard
thermocouples. In the case of the Q&P cycle with the target QT being room temperature,
the registered QT was 35 ◦C. After reaching the QT temperature in each case, the samples
were moved to a second salt bath heated at the defined partitioning temperatures and
held for the defined partitioning times. Afterwards, the samples were water quenched.
The performed thermal cycles were physically simulated in the dilatometer in order to
contribute to the understanding of microstructure evolution.

The microstructures of the Q&P-treated samples were observed in a JEOL JSM-6500F
field emission gun scanning electron microscope (FEG-SEM), operating at 15 kV. After the
application of the heat treatments, the specimens were cut perpendicular to the rolling
direction and the surface was prepared by grinding with P800, P1000 and P1200 abrasive
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papers and polishing with 6, 3 and 1 µm diamond paste. The polished specimens were
etched with a 2% Nital solution for the subsequent observation.

Characterization of the carbon distribution was done in the Luxembourg Institute of
Science and Technology (LIST) using CAMECA NanoSIMS 50. 12C ion maps of 10 × 10 µm2

areas were obtained using a focused Cs+ primary ion beam. The method of C mapping in
steels is based on the measured Secondary Ion Mass Spectrometry (SIMS) intensities and
was developed by Valle et al. [32]. To do so, image analysis of obtained 12C ion maps of the
studied sample and of a reference sample with known C content was performed. Six areas
of the selected sample were analyzed.

Tensile specimens with 50 mm gauge length were cut from the salt bath samples
longitudinally to the rolling direction. Three tensile tests were performed in each Q&P
condition employing a universal tensile testing machine equipped with load cell 200 kN.
A mechanical extensometer for strain measurement was employed. The samples were
cut using a waterjet machine, and then the edges were polished in order to avoid any
crack edge effect. The strain rate was 0.00025 s−1 in the elastic region and 0.002 s−1 in the
plastic region.

X-ray Diffraction (XRD) scans were performed on the broken tensile samples in order
to determine the RA fraction along the samples. Prior to measurement, each sample
was prepared by chemical polishing using the reagent 20% H2O2 in 10% H2SO4 solution
saturated with C2O2(OH)2, in order to remove surface relief from deformation during
the tensile test. The XRD measurements were performed using a Bruker Discover D8
diffractometer fitted with a digitally controlled x-y table for sample positioning. Diffraction
was made using a Cu-Kα radiation (1.54 Å) source with a LynxEye position-sensitive
energy-dispersive detector. Data were collected using goniometer angles in the range of
2θ = 47.5–93◦. In this range, austenite Bragg peaks with <hkl> <200>, <220> and <311>
and ferrite peaks <200> and <211> can be detected. Peak detection was performed on the
raw diffraction data with the Rietveld method using the Topas version 4 software provided
by Bruker. RA fractions were evaluated using the (200), (211) and (220) peak spectra. The
diffractometer was programmed to measure a sequence of line scans along the length of
the broken tensile samples, recording a complete diffraction measurement set at discrete
points along the line scan path. The line scans were done from a starting point in the grip
zone close to the shoulder, to the fracture tip. Twenty measurements were done in each
scan. The carbon content in retained austenite was calculated from XRD measurements
done at an undeformed portion of the tensile specimens ends. The FCC lattice parameter
was measured (aγ) and Equation (1) [33] was used to calculate the carbon content. This
equation is a combination of the equations of Ruhl and Cohen [34] for Mn, Si and C and
Dyson and Holmes [35] for Al.

aγ (Å) = 3.572 + 0.033 (wt.% C) + 0.0012(wt.% Mn) − 0.00157 (wt.% Si) + 0.0056 (wt.% Al) (1)

Bending tests following Verband der Automobilindustrie e.V. (VDA) standards and
employing 30 mm length and 19 mm width samples were performed in the Q&P-treated
samples. Three bending tests were done in each Q&P condition. A bending radius of
0.4 mm was used for the tests. The tests were carried out on universal tensile machine
equipped with a bending device on the lower side. The test parameters employed in the
bending tests were: 30 N preload, 10 mm/min speed preload, 20 mm/min test speed and
50 N force shutoff.

Hole expansion tests were performed following the ISO 16630 standard. The hole
expansion test is a popular technique for quantifying the edge stretch limit. The method
consists of a pre-machined hole expanded by a punch head until fracture. The hole
expansion ratio (HER) refers to the ratio of the expanded hole to the initially punched hole.
The initial hole was made using a circular punch and die. It was then expanded with a
conical punch until the fracture occurred in at least one point around the hole perimeter,
over the entire length of the punched hole edge. The ratio of the expanded hole to the
initially punched hole was defined by HER(λ)(in%) = (Df – D0)/D0, where Df was the
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expanded hole diameter (mm) and D0 was the initial punched hole diameter. A hole of
diameter D0 was punched at the center of the sample using a 10 mm diameter punch with
a die satisfying that clearance was 12 ± 2% for a sample thickness less than 2.0 mm.

Finally, Omega stamping tests were performed with the Q&P-treated samples employ-
ing a hydraulic press. Figure 2 shows a schematic of the Omega stamping die (a = 50 mm,
b = 52.8—sheet thickness) The samples were located with the rolling direction parallel to
the width of the punch. The samples were pressed up to the height (h) of 40 mm. The
Omega parts were characterized to determine the post-stamping tensile properties and
retained austenite content. For this, one tensile specimen was cut from the flat top area of
the Omega part (unstrained area) and one from the drawn side (strained area). In this case,
the gauge length of the tensile specimen was 30 mm. After performing tensile tests, XRD
measurements were performed on the unstrained ends of the broken tensile specimens
taken from each Omega. This was done using the same sample preparation technique and
equipment as before.
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In Figure 3, the experimental flow chart is presented. Steps 4 to 7 were performed for
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3. Results
3.1. Dilatometry Curves of the Q&P Heat Treatments

Figure 4 shows dilatometry curves obtained for the Q&P thermal cycles performed in
the salt baths with both steel grades. The black portion of the curves corresponds to the
initial heating to Ac3 + 50 ◦C, holding at this temperature and subsequent quenching to QT.
The red trace portion of the curves corresponds to the heating from QT to PT, maintaining
at PT for the defined Pt and the final cooling to room temperature. Figure 5 represents
the relative change in length measured during the partitioning stage as a function of the
partitioning time for all the Q&P cycles.

In Figures 4a and 5a, the curves corresponding to a partitioning temperature of 400 ◦C
are presented for both steels. In these Q&P cycles, the quenching temperature was QT25 in
all cases and two partitioning time conditions were employed, 120 s and 300 s. Continuous
expansion of the sample was obtained in the partitioning stage in all the cases. The degree
of expansion slightly increased with Pt and was considerably lower in M-MnNi steel
(Figure 5a). In the final cooling, the linear contraction of the sample was observed in all
cases (Figure 4a), indicating that the formation of secondary martensite was not significant.

In Figures 4b and 5b, the dilatometry curves obtained in high partitioning temperature
Q&P cycles with M-MnNi steel are shown. In these Q&P cycles, two quenching tempera-
tures were applied, QT15 and QT25, and two partitioning time conditions were employed,
120 s and 300 s. Contrarily to the 400 ◦C partitioning temperature cycles, continuous
contraction was obtained in the partitioning stage in all the cases. The contraction increased
with partitioning time and was clearly higher in the QT15 condition (Figure 5b). In the final
cooling to room temperature, the contraction was linear in all the conditions, which means
that secondary martensite transformation did not occur to a significant extent (Figure 4b).
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Figure 4. Dilatometry curves of the applied Q&P cycles: (a) partitioning temperature (PT) of 400 ◦C
in L-Mn and M-MnNi steels, with QT25 condition; (b) partitioning temperature of 650 ◦C in M-MnNi
steel, with QT25 and QT15 conditions. The curves corresponding to 120 s and 300 s partition times
(Pt120 and Pt300, respectively) are shown in each condition.
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Figure 5. Relative change in length measured during the partitioning stage: (a) partitioning temper-
ature of 400 ◦C in L-Mn and M-MnNi steels, with QT25 condition; (b) partitioning temperature of
650 ◦C in M-MnNi steel, with QT25 and QT15 conditions. The curves corresponding to Pt120 and
Pt300 are shown in each condition.

3.2. Microstructure after Q&P Heat Treatments

Figure 6 presents FEGSEM micrographs obtained in both steels considering the differ-
ent Q&P conditions with a partitioning time of 300 s. Three different types of regions can
be observed in the microstructures, which can be associated with three main constituents
of Q&P steels: a rough gray matrix with fine inclusions, which is supposed to be primary
martensite (M1) containing carbides; fine white features with a blocky or lath-like appear-
ance, which are expected to be retained austenite; and larger islands with a dark gray aspect
center and white edges, which are supposed to be MA (martensite/austenite) islands.
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The high PT treatments applied in M-MnNi steel resulted in higher fractions of re-
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Figure 6. Field emission gun scanning electron microscopy (FEGSEM) micrographs corresponding to
the following materials and conditions: (a) L-Mn steel, QT25, PT = 400 ◦C, Pt = 300 s; (b–d) M-MnNi
steel, where: (b) QT25, PT = 400 ◦C, Pt = 300 s; (c) QT25, PT = 650 ◦C, Pt = 300 s; (d) QT15, PT = 650 ◦C,
Pt = 300 s. M1: primary martensite; MA: martensite/austenite islands; RA: retained austenite.
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Figure 6a,b present FEGSEM micrographs obtained in L-Mn and M-MnNi steels,
respectively, after partitioning treatment done at 400 ◦C. In both cases, retained austenite
and primary martensite were observed. In M-MnNi steel, less carbides were observed
inside primary martensite. Additionally, the volume fraction of the MA constituent was
low. Figure 6c presents FEGSEM micrographs obtained in M-MnNi steel partition-treated
at 650 ◦C for the QT25 condition. In comparison with the low PT condition, coarser MA
blocks were present. Additionally, the amount of carbides within the martensitic matrix was
notably higher as a result of the tempering processes. Figure 6d presents the microstructure
observed in M-MnNi steel partition-treated at 650 ◦C for the QT15 condition. In comparison
with the QT25 condition, the fraction of lath-type RA was significantly higher. Moreover,
the width of the RA laths and the size of MA islands were notably finer.

Figure 7 shows retained austenite measurements obtained in the first point of the XRD
line scans performed in the broken tensile specimen, which correspond to the unstrained
zone. The results are presented as a function of partitioning time for both steels and all the
Q&P conditions applied. In the lowest PT condition of 400 ◦C, the M-MnNi steel showed
large fractions of retained austenite. On the contrary, L-Mn steel retained a much lower
amount of austenite in the final microstructure. This result indicates that the combination of
Mn and Ni alloying elements and higher carbon content in a Q&P steel strongly contributed
to the stabilization of austenite.

The high PT treatments applied in M-MnNi steel resulted in higher fractions of retained
austenite. A clear influence of QT was observed, obtaining significantly higher fractions
of retained austenite in QT15 conditions. An increase in partitioning time in the QT15
condition resulted in a lower fraction of austenite, whereas a higher fraction was obtained
in the QT25 condition. The high PT treatments applied starting from the QT15 condition
resulted in a final fraction of austenite higher than the initial one existing at QT, which
indicates that austenite reverse transformation occurred in the partitioning. In the QT25
condition, the final austenite volume fraction was higher than the initial one when the
partitioning time was 300 s, which also revealed the existence of the ART phenomenon.
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Figure 7. Retained austenite (RA) fraction as a function of partitioning time after Q&P treatments of
L-Mn and M-MnNi steels with different partitioning temperatures (400 ◦C and 650 ◦C) and quenching
temperatures (QT15 and QT25).

The characterization of the carbon distribution was done in the M-MnNi steel sample
partition-treated at 650 ◦C during 300 s and in the QT15 condition. This condition was
selected due to the high volume fraction of retained austenite attained and, as shown later,
the interesting mechanical properties reached. The characterization was performed in six
different zones of the sample. In Figure 8, an example of the characterization done in one of
the zones is presented. On the left side, the corresponding 12C ion map is presented, where
the areas selected for carbon analysis (15 areas) are surrounded in purple. The selected



Metals 2022, 12, 483 11 of 26

areas tried to include retained austenite and MA islands, excluding tempered martensite,
which was present as a dark phase. The associated measured values of carbon content
(wt.%) are presented for each area on the right side of Figure 8. It can be observed that
carbon was rather homogeneously distributed in the studied areas. The mean carbon
content was 0.296 wt.%, with the standard deviation being 0.038. The variation in mean
carbon content between the six zones analyzed in the sample was also limited, with the
mean estimated carbon content in the sample being 0.28 wt.%. Additionally, some white
regions were observed within the dark phase in the zone shown in Figure 8, which were
also observed in the other zones. This is the typical appearance of carbides in NanoSIMS
images. However, the size of the carbides was too small for the NanoSIMS resolution;
hence, proper analysis of these features was not possible. The presence of carbides in the
partitioned martensite means that not all carbon was available for austenite stabilization.
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The carbon content estimated by NanoSIMS in M-MnNi steel was, first, compared with
the mean carbon content calculated considering the full-equilibrium and para-equilibrium
fractions of the austenite and, second, with the carbon content calculated from XRD mea-
surements done at the undeformed portion of the tensile specimen. The full-equilibrium
and para-equilibrium fractions of the austenite were calculated at the partitioning tempera-
ture of 650 ◦C by means of ThermoCalc (v.2021), obtaining 0.67 and 1, respectively. The
mean carbon contents were 0.36 and 0.24 wt.%, respectively. Hence, the carbon content esti-
mated from NanoSIMS (0.28 wt.%) was between the C content calculated considering both
types of equilibrium conditions. Given that Mn and Ni are assumed to be non-partitioned
under the para-equilibrium condition, the fact that the experimentally measured C content
was above the para-equilibrium C content and below the full-equilibrium C content may
imply a certain degree of Mn and Ni partitioning.

The carbon content calculated from XRD measurements was significantly higher, at
0.41 wt.%. In the following, two possible explanations for the discrepancy found between
NanoSIMS and XRD measurements are given. First, in NanoSIMS, it is not possible to
observe a difference between RA and secondary martensite. Therefore, the whole carbon
contained in RA (with an expected higher carbon content) and secondary martensite (with
an expected lower carbon content) is measured; thus, it is close to the carbon content
predicted by ThermoCalc. In the case of XRD, only the carbon content in RA is estimated
and, therefore, the carbon content can be higher. Second, in XRD measurements, both
Mn and carbon cause lattice dilatation and their effects are indistinguishable. However,
the Mn content of the austenite was unknown; therefore, the bulk Mn concentration was
assumed. An increased Mn content in the austenite as a result of the partitioning stage



Metals 2022, 12, 483 12 of 26

would decrease the effective carbon content estimate, making it somewhat closer to the
NanoSIMS value.

The carbon content estimated from XRD measurements in M-MnNi steel and the afore-
mentioned condition was also compared with the carbon content estimated in the reference
L-Mn steel after partition treatment at 400 ◦C during 300 s and in the QT25 condition. In
the latter, 1.05 wt.% carbon content was calculated from XRD measurements, which was
in accordance with the typical values reported in Q&P-type microstructures [36], and, as
expected, was considerably higher than the value found in M-MnNi steel (0.41 wt.%).

3.3. Mechanical Properties after Q&P Thermal Treatments

Figure 9 shows representative engineering stress–strain behavior for all Q&P cycles.
The curves are presented for the 120 s (Figure 9a) and 300 s (Figure 9b) partitioning time
conditions. Table 3 summarizes average tensile data (0.2% offset YS, TS, yield to tensile
ratio and total elongation (TEL)) obtained from triplicate tensile tests. The scattering of the
data was very similar for both alloys and all Q&P conditions considered. The analysis of
the engineering stress–strain curves revealed interesting features depending on the steel
and the Q&P condition.

The L-Mn steel sample partition-treated at 400 ◦C exhibited the highest tensile strength,
a high yield to tensile ratio and an elongation close to 10%. The tensile curves obtained
with this steel indicate good local formability, which means that the material undergoes
high plastic deformation in a local area without fracture. The behavior of this condition is
similar to the stress–strain response observed in other Q&P steels [37,38]. In Q&P steels,
continuous yielding normally prevails [39] and this was also the case for L-Mn steel. The
increase in Mn and Ni content in M-MnNi steel did not significantly affect the strength;
however, the elongation drastically decreased, with this steel exhibiting a very brittle
behavior after 400 ◦C partitioning temperature treatment.

With an increase in partitioning temperature, a very different stress–strain response
was obtained in M-MnNi steel, which is described next:

• Tensile curves indicated good global formability, which denotes the ability of the
material to undergo plastic deformation without formation of a localized neck or
distributing strain uniformly.

• Tensile strength values were not significantly affected, while yield strength showed
a noteworthy reduction. The decrease in yield strength was particularly strong for
the QT25 and 300 s partitioning time condition. The lower yield strength can be
detrimental for certain automotive applications that require anti-intrusion capacity.
The low yield to tensile strength ratio can also be related to poor hole expansion
capacity.

• Total elongation values after high partitioning temperature treatments were notably
higher, ranging from 16% to 23%. In this case, the values were higher for the QT15
condition and increased with the partitioning time. The product of tensile strength and
total elongation revealed outstanding properties after high PT treatments, particularly
in the QT15 and 300 s partitioning time condition, which resulted in 29 GPa%. In
comparison, the QT25 condition resulted in a lower product of tensile strength and
total elongation close to 22 GPa%, which is a more common value for the standard
TRIP grades [40].

• Continuous yielding was observed in the QT25 condition, whereas discontinuous
yielding appeared in the QT15 condition. Among all Advanced High-Strength Steels,
intercritically annealed medium Mn steels most frequently present discontinuous
yielding [41,42]. In addition to discontinuous yielding, the Portevin–Le Chatelier
(PLC) effect was another plastic instability observed in M-MnNi steel after high
partitioning temperature treatment. This effect is characterized by serrated plastic
flow in the tensile curves and normally is proposed to be the consequence of dynamic
strain aging (DSA) [43].
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L-Mn 300 (QT25) 400 
120 1202 1347 89 9 12 103 12.80 
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Room Tem-
perature 
(QT15) 650 
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300 792 1285 62 23 29 103 2.20 

75 (QT25) 120 735 1335 55 16 21 96 1.98 
300 332 1061 31 21 22 97  

In Table 3, bending and hole expansion results are also presented. Hole expansion 
tests were performed in some of the most interesting conditions obtained with M-MnNi 
steel at high partitioning temperatures. Specifically, the hole expansion behavior corre-
sponding to the QT15 and QT25 conditions was examined. The reference L-Mn steel Q&P 
treated at low PT was also characterized. As can be seen from the table, very poor hole 
expansion results were obtained with M-MnNi steel, whereas the bending angle strongly 
depended on the Q&P condition. 
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Figure 9. Engineering stress–strain curves obtained after Q&P treatments for L-Mn steel
(QT25/PT = 400 ◦C) and for M-MnNi steel (QT25/PT = 400 ◦C, QT25/PT = 650 ◦C and QT15/PT =
650 ◦C): (a) partitioning time = 120 s; (b) partitioning time = 300 s. Tests performed using standard
50 mm gauge length samples.

Table 3. Summary of tensile (yield strength (YS), tensile strength (TS) and total elongation (TEL)),
bending and hole expansion (hole expansion ratio (HER)) properties for L-Mn and M-MnNi steels
after Q&P treatments.

Steel QT (◦C) PT
(◦C) Pt (s)

YS 0.2%
Offset
(MPa)

(Error ±
15 MPa)

TS
(MPa)

(Error ±
15 MPa)

YS/TS (%)

TEL in
50 mm

Gauge (%)
(Error ±

2%)

TS x TEL
(GPa%)

Bending
Angle

(◦ (Error ±
10◦))

HER (%)

L-Mn 300 (QT25) 400
120 1202 1347 89 9 12 103 12.80
300 1209 1342 90 8 11 113

M-MnNi

75 (QT25) 400
120 1101 1324 83 2 3 24
300 1236 1248 99 3 4 21

Room Temperature
(QT15)

650

120 949 1292 73 17 22 62
300 792 1285 62 23 29 103 2.20

75 (QT25) 120 735 1335 55 16 21 96 1.98
300 332 1061 31 21 22 97

In Table 3, bending and hole expansion results are also presented. Hole expansion tests
were performed in some of the most interesting conditions obtained with M-MnNi steel at
high partitioning temperatures. Specifically, the hole expansion behavior corresponding to
the QT15 and QT25 conditions was examined. The reference L-Mn steel Q&P treated at
low PT was also characterized. As can be seen from the table, very poor hole expansion
results were obtained with M-MnNi steel, whereas the bending angle strongly depended
on the Q&P condition.

3.4. Retained Austenite Volume Fraction along Tensile Specimen Length

The evolution of the retained austenite volume fraction along the tensile specimen
length measured for L-Mn and M-MnNi steels is shown for all Q&P conditions in Figure 10.
In this figure, all XRD line scans are aligned at the shoulder position of the tensile test
piece (denoted as 0 mm), with negative values indicating regions on the head of the sample
and positive ones indicating positions on the sample shoulder radius or gauge length. In
Figure 10c, a schematic of the tensile specimen showing the line where RA scans were
performed is shown. The results of the line scan measurements showed a number of
interesting characteristics related to the variation in austenite content with position along
the tensile gauge length, which are described next:

• The line scan for L-Mn steel shows a very flat retained austenite profile on the specimen
head and radius, and then a continuous decrease in austenite content to 0% at the
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fracture tip. The reduction of austenite only in the plastically deformed zone of the
samples suggests that the austenite transformation was induced solely by plastic strain.

• In contrast, the M-MnNi steel with the high temperature partitioning cycle shows a
progressive decrease in austenite content from the head of the specimen, through the
shoulder and on the plastically deformed gauge length. This behavior is common for
the two quenching temperature conditions considered. Given that the shoulder and
head of the tensile specimen only experienced elastic stresses during the tensile tests,
the transition in austenite content on the head and radius was interpreted as being the
result of stress-induced transformation, with the austenite reduction to the fracture tip
being related to strain-induced transformation.

• The third distinct case was exemplified by M-MnNi steel given a low-temperature
partitioning cycle, which showed an almost completely constant austenite content
from head to within 1 mm of the fracture tip, when there is a sharp drop in the austenite
fraction from 0.20 to below 0.07 and from 0.19 to 0.11, in 120 s and 300 s partitioning
time conditions, respectively. As shown before, M-MnNi steel exhibited, in the low PT
condition, low ductility and high yield strength (Figure 9), so it is likely that the only
transformation mechanism that could operate is stress-induced transformation.
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3.5. Characterization of Cold-Formed Q&P Omega Parts

Omega parts were produced by a cold-forming operation with selected L-Mn and
M-MnNi steel sheets. In L-Mn steel, the Q&P condition corresponded to a QT25 quench-
ing temperature, with the partitioning temperature and time being 400 ◦C and 120 s,
respectively. In M-MnNi steel, the selected Q&P-treated sheet was the one with the QT15
quenching temperature and 650 ◦C and 300 s partitioning temperature and time. These
conditions were selected since the best tensile results in terms of the product of tensile
strength and total elongation (Figure 9 and Table 3) were obtained in each steel.

The Omega parts were characterized to determine the post-stamping tensile prop-
erties and retained austenite content. The results are presented in Table 4 for both steels,
comparing the results found in the non-deformed and deformed areas of the part. The
corresponding engineering stress–strain curves are presented in Figure 11. Both steels
showed similar strengths after the stamping operation. It can be observed that the stamp-
ing operation resulted in a very significant increase in yield strength in M-MnNi steel,
approaching the yield strength values shown by L-Mn steel. This behavior resulted in a
notable increase in the yield to tensile ratio in M-MnNi steel after forming, in comparison
with the non-deformed condition, which can be advantageous for crash resistance. Ad-
ditionally, the post-stamping elongation shown by M-MnNi steel was significantly better
than in L-Mn steel, which can be related to more energy absorbed during a crash event.
In the non-deformed condition, some differences could be observed with regard to the
properties found in the tensile tests performed with the Q&P-treated sheets (Table 3), which
were the consequence of the different geometry of the tensile specimen. In particular, the
total elongation found in Omega parts was significantly higher due to the lower gauge
length of the tensile specimen.

In Table 4, retained austenite fractions measured on the unstrained ends of the broken
tensile specimens taken from deformed and non-deformed areas are also presented. The
unstrained top section of each sample showed austenite content close to the initial content,
whereas the drawn sides of the part showed a significant reduction in austenite content,
consistent with the combined effects of stress- and strain-induced phase transformations. In
M-MnNi steel, a 0.05 austenite fraction was measured in the deformed area, which, poten-
tially, could be useful for post-forming ductility by the TRIP effect and energy dissipation
in crash testing.

Table 4. Tensile properties and retained austenite fractions obtained from the deformed and non-
deformed areas of Omega parts of M-MnNi steel partition-treated at 650 ◦C and of L-Mn steel
partition-treated at 400 ◦C.

YS 0.2% Offset
(MPa)

TS
(MPa)

TEL in 30 mm
Gauge (%) RA

Steel—Q&P condition L-Mn—QT25—PT = 400 ◦C—Pt = 120 s

Non-deformed 1316 1329 13 0.06
Deformed 1213 1440 6 0.02

Steel—Q&P condition M-MnNi—QT15—PT = 650 ◦C—Pt = 300 s

Non-deformed 768 1400 39 0.24
Deformed 1117 1494 15 0.05
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4. Discussion
4.1. Microstructure Evolution during Q&P Cycles

The microstructure evolution during low and high PT cycles was analyzed based on
the microstructure characterization results and dilatometry experiments.

4.1.1. Microstructure Evolution during Low Partitioning Temperature Cycles (PT = 400 ◦C)

The expansion during the partitioning has been related in the literature to the de-
composition of austenite to bainite [16], although carbon partitioning from supersaturated
martensite to austenite can also result in expansion [23,44]. Comparatively, austenite de-
composition to bainite gives rise to a more pronounced expansion [16]. In the case of L-Mn
steel, the volume expansion was evident, and it was likely related to austenite decompo-
sition into bainite. The fraction of austenite measured in the final microstructure (0.07)
in this steel was significantly lower than the initial austenite existing at QT (0.25), which
was in agreement with the potential decomposition of austenite into bainite during the
partitioning stage. The longer partitioning time likely led to a higher fraction of austenite
transformed into bainite and consequently to a lower final austenite fraction. Additionally,
the formation of secondary martensite was not evident in the final cooling, indicating that
the untransformed austenite fraction was stable.

In the case of M-MnNi steel, the volume expansion in the partitioning was very low
and XRD measurements indicated the stabilization of most of the austenite existing at QT.
Therefore, in this steel, the volume expansion was likely the result of carbon partitioning
from martensite to austenite. The addition of Mn and Ni contributed to effectively retarding
bainite transformation and stabilizing austenite [23,28]. Furthermore, a longer partitioning
time likely favored carbon homogenization in austenite, obtaining more austenite in the
final microstructure. In this case, MA islands observed by FEGSEM were not detected
by dilatometry.

4.1.2. Microstructure Evolution during High Partitioning Temperature Cycles (PT = 650 ◦C)

The high PT cycles resulted in retained austenite volume fractions equal to (QT25
and 120 s partitioning time condition) or higher than (rest of conditions) the austenite
content existing at QT (Figure 7). The higher austenite content indicated the occurrence of
austenite reverse transformation in the partitioning stage. Thus, the contraction observed
in the dilatometry curves (Figure 5b) was related to the formation of new austenite in the
partitioning. In the case where the final austenite volume fraction was the same as the
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initial fraction, 0.25, contraction was also observed in the partitioning, which likely means
that austenite reverse transformation also occurred in the partitioning, although to a lesser
extent and leading to a less stable austenite.

The high austenite volume fractions measured in the final microstructure, particularly
in the QT15 condition, are comparable with values reported for intercritically annealed
medium Mn steels [6–8]. In fact, some of the characteristics of the thermal treatments
applied in the present work resemble the intercritical annealing of medium Mn steels
(mainly the application of the partitioning step in the intercritical domain). The main
difference with respect to this process is, on the one hand, that the stabilization of the high
amounts of austenite was produced in partitioning times of 120 s and 300 s, which are
notably lower than the conventional times (hours) employed in the intercritical annealing
of medium Mn steels. On the other hand, there is a significant amount of austenite present
in the initial microstructure and its influence on the austenite reversion phenomenon needs
to be taken into consideration. Wei et al. [45] studied austenite growth during intercritical
annealing from as-quenched martensite containing interlath retained austenite, concluding
that austenite grew from thin austenite films between laths retained upon quenching, but
also austenite nucleated at lath boundaries and packet boundaries of martensite and within
laths. Similar results were obtained in [29], where it was also concluded that the fact that
the existing austenite could grow directly without nucleation would enhance the kinetics
of austenite reversion. This means that the time needed for the austenite reversion process
would decrease and may explain the high austenite fractions obtained in the present work
when employing significantly lower partitioning times.

In addition, the quenching temperature strongly influenced the final RA fractions and
microstructure features, thereby obtaining a higher volume fraction of RA and finer lath-
type RA and MA islands in the QT15 condition. The quenching temperature determines
the characteristics of the microstructure prior to the austenite reversion. The martensitic
transformation starts with the formation of coarse martensite. At lower temperatures, the
formation of fine martensite laths separates austenite into smaller sizes. Liu et al. [46] found
that the austenite lath size strongly decreased with QT. Thus, in the present work, it is
likely that the QT15 condition provided a finer initial martensite/austenite microstructure
and/or more sites for the nucleation of new austenite in the partitioning, which resulted
in a finer final microstructure. In the case of the QT25 condition, coarse MA blocks were
identified in the microstructure (Figure 6c), which may indicate the prevalence of austenite
growth during the partitioning stage and subsequent transformation during cooling.

The higher final fractions of RA measured in the QT15 condition could be explained
based on the following observations.

• The comparison among the dilatometry traces obtained with the two QT conditions
(Figure 5b) reveals that the lower initial austenite volume fraction (QT15 condition)
resulted in a more pronounced contraction of the dilatometry sample. This means that
the amount of newly formed austenite was higher in QT15. Ding et al. [29] also found
that the contraction in partitioning increased with a decreasing amount of pre-existing
austenite. In any case, the curves revealed that equilibrium was not reached in any
of the conditions applied, as contraction continuously decreased without showing
a plateau.

• After partitioning, secondary martensite transformation was not observed, regardless
of the QT condition. However, FEGSEM images revealed the formation of secondary
martensite, particularly for the QT25 condition. This means that the fraction was low
and/or that the transformation occurred below the temperature where the dilatome-
try ended, which was around 35 ◦C. Moreover, the QT15 condition was expected to
result in less secondary martensite formed in the final cooling. This can be explained
based on the influence of the initial austenite size on Mn partitioning, as follows. The
measured carbon content seemed to be rather low to stabilize such an amount of
austenite at room temperature. This means that there are other factors that allow such
stabilization. In many publications on medium Mn steels, the austenite stability is
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explained by Mn partitioning between ferrite and austenite during long-term soaking
in the intercritical temperature range [4,8,47]. However, some investigations demon-
strate that Mn partitioning occurs also in short annealing periods. De Moor et al. [48]
pointed out that the high density of dislocations and the grain boundaries should
facilitate Mn diffusion. In [13], the concentration of Mn in austenite reached 11.6 wt.%
after annealing for a short time of 180 s in 6 wt.% Mn-containing steel. Therefore,
in this work, a certain Mn partitioning could be expected, contributing to austenite
stabilization. Additionally, the relatively strong partitioning of Mn is also facilitated
by the small size of austenite grains (short diffusion paths). Based on this, the finer
austenite grains in the QT15 condition could be favorable for Mn partitioning and
result in more effective austenite stabilization. Finally, the finer structure at QT15 is
expected to result in a finer austenite after partitioning, and hence in a more stable
austenite [49].

Therefore, the higher final fractions of RA measured in the QT15 condition could be
explained as being the result of more austenite formed in the partitioning, as denoted by
the higher contraction in the dilatometry curve, and increased austenite stabilization due
to a finer microstructure and possibly Mn partitioning, assuming that the transformation
into martensite in the final cooling occurred to a lesser extent.

4.2. Analysis of Mn and Ni Partitioning Using DICTRA

From the previous discussion, it is clear that the potential Mn partitioning occurring
in the partitioning stage becomes relevant. To better understand the Mn partitioning
phenomenon, the austenite formation process during the partitioning stage was theoret-
ically studied by means of DICTRA. For the diffusion simulations in the vicinity of the
martensite/austenite interface, linear cell geometry was used as it is considered appro-
priate for this kind of system [50]. A single cell with two regions (martensite on the left
and austenite on the right) was used considering that the interface between the two re-
gions was mobile. The conditions at the moving interface were determined by the local
equilibrium approach, which means that the chemical potentials of all diffusing elements
assume the same value in ferrite and austenite. Diffusion of Mn and Ni was considered
in the calculations. Data for initial austenite and martensite lath size were taken from
the literature. A constant martensite lath width equal to 200 nm was assumed for the
initial conditions. This is based on the transmission electron microscopy observations of
Krauss and co-workers, indicating that most martensitic lath widths range approximately
from 150 to 200 nm [51,52]. Corresponding austenite dimensions were obtained using
the “constant ferrite width approach” [53]. Considering 0.15 and 0.25 volume fractions of
austenite (QT15 and QT25 conditions, respectively), austenite lath widths equal to 36 and
66 nm were obtained. Because of symmetry, only the half thickness was considered in
DICTRA in the calculation domain. Figure 12a shows a schematic of the system considered
in the simulations.

Figure 12b,c show the composition profiles of Mn and Ni alloying elements, respec-
tively. The profiles were calculated at PT = 650 ◦C for M-MnNi steel, considering 120 s and
300 s partitioning times. The interface moved towards the ferrite side, leaving behind an
austenite with changed composition. It can be seen that the QT15 condition resulted in
more new austenite formed, as the interface was shifted to longer distances. Consequently,
the final austenite volume fractions, indicated as fg in Figure 12b, were quite similar for
both QT conditions. This was true for both partitioning time conditions and agrees with
the previously described higher contraction observed in dilatometry curves in the QT15
condition and the results reported in [29].

The simulations revealed that both Mn and Ni were partitioned from martensite to
austenite. Moreover, the fraction of austenite phase enriched in Mn and Ni depended on the
QT condition. In the case of the QT15 condition, the fractions of austenite enriched in Mn
were 0.48 and 0.58, for 120 s and 300 s partitioning time conditions, respectively. In the case
of the QT25 condition, these fractions were 0.40 and 0.49, hence significantly lower. Similar
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behavior was observed for Ni partitioning. This is in line with the previously discussed
higher austenite thermal stability in the QT15 condition due to the higher partitioning of
substitutionals. The austenite area enriched in Mn presented a quite homogeneous Mn
concentration, which was close to the equilibrium value, 7.46 wt.%. Concerning the Ni
concentration, it was less homogeneous and, close to the interface, presented values above
equilibrium in the 300 s partitioning time conditions.

For the QT15 and 300 s partitioning time condition, the local fraction of austenite that
was stable upon quenching to room temperature was estimated by using the Andrews
equation for martensite start temperature calculation [54] and the Koistinen–Marburger
relationship [55]. The final retained austenite fraction was calculated by integration of
the area under the local fraction of stable austenite curve. This procedure was explained
in [56] and predicted that the austenite retained in this condition was 0.15. This value was
significantly lower than the experimentally measured value, 0.37 (Figure 7), which means
that DICTRA calculation could underestimate the Mn and Ni enrichment of austenite. One
possible explanation could be related to the fact that, in the defined system, ferrite was
considered instead of martensite, since martensite is not included as a separate phase in
the thermodynamic and kinetic databases. The thermodynamic properties of martensite
are very much the same as those of ferrite; however, the kinetic parameters may deviate
between the two phases due to the larger number of lattice defects, particularly dislocations,
in martensite. Dimitrieva et al. [57] demonstrated that, provided that the mobilities of
all alloying elements in martensite were increased compared to ferrite, the composition
profiles obtained by means of DICTRA agreed with those experimentally measured. In the
present work, more experimental research employing high-resolution techniques such as
Transmission Electron Microscopy or Atom Probe Tomography would be needed to better
elucidate Mn and Ni partitioning from martensite to austenite. On the other hand, the
stability of the austenite according to DICTRA simulations could be underestimated also
due to the austenite size effect (sizes were very small, which can enhance the stability) and
the effect of constraining by the martensite matrix, which were not taken into account.
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Figure 12. (a) Schematic of the system considered in DICTRA simulations; (b,c) DICTRA calculations
of the Mn and Ni composition profiles, respectively, at the martensite (left)/austenite (right) system.
The calculation was done considering the chemical composition of M-MnNi steel, 650 ◦C (PT), 120 s
and 300 s (Pt) and 0.15 and 0.25 austenite volume fractions as initial conditions (QT15 and QT25,
respectively).

4.3. Mechanical Stability of Austenite

It has long been accepted that mechanically induced α’ martensite can form in steels
by two distinct methods: stress-induced transformations below the yield strength, where
elastic stresses can modify the driving force required to initiate transformation to such a
degree that transformation occurs isothermally from the same sites, which would otherwise
form martensite athermally during cooling [58]; and strain-induced transformations above
the yield strength, where the rotation and intersection of slip planes produced by plastic
strain in the FCC lattice form martensite nucleation sites, from which stresses then induce
the martensitic transformation [59].

The line scans presented very different trends when comparing L-Mn steel and M-
MnNi steel at low PT and M-MnNi steel at high PT (Figure 10), which were interpreted
as being directly related to apparent differences in austenite behavior and transformation
mechanisms.

• In L-Mn steel, the austenite fraction was only 0.08 before deformation; therefore, very
little stress-assisted transformation was estimated to have occurred, and almost all the
austenite appeared to be consumed by strain-induced transformation above the yield
stress. This is probably close to ideal behavior, in that the austenite that is present
appears to be progressively consumed during plastic straining, without transformation
at lower stress levels.

• In M-MnNi steel at high PT, retained austenite content was rather high before defor-
mation. Under mechanical loading, significant stress-induced transformation occurred
below the yield stress. Thus, stress-assisted austenite transformation contributed to
the initial yielding behavior, resulting in a low yield strength. The austenite, which
was stable at stresses above the yield stress, provided significant TRIP-assisted ductil-
ity. However, probably, the overall austenite stability was lower than in the case of
low-temperature partitioning cycles.

• The transformation stability of austenite is affected by the local carbon content in
austenite, the grain size, morphology, the constraining effect of the phases surround-
ing the austenite and the crystallographic orientation of the austenite with respect
to the loading direction [60–62]. In this case, the carbon content was significantly
lower than in L-Mn steel, which likely strongly determined the mechanical stabil-
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ity. Additionally, Hidalgo et al. [63] demonstrated that austenite surrounded by a
stronger martensite matrix was mechanically more stable than austenite surrounded
by a weaker martensite. Thereby, in the present case, the weaker martensite at higher
temperatures would likely also contribute to decreasing austenite stability. The grain
size effect on transformation driving force and austenite stability is poorly understood
for small austenite grain sizes and non-polygonal austenite, both of which are present
in these types of Q&P/austenite reversion annealing microstructures. As a result,
more theoretical work is required before a robust material design framework can be
made available to allow the optimization of austenite’s mechanical stability.

• In M-MnNi steel at low PT, given the observed extremely sharp transition in austenite
to the fracture tip, it was hypothesized that local high elastic stresses around microc-
racks or other damage features produced local massive stress-induced transformations
and an early fracture.

4.4. Relationship between Mechanical Properties and Microstructure

The effects of high partitioning temperature treatments on Mn- and Ni-containing steel
were evident in the resulting microstructural constituents (significant fractions of austenite
were successfully stabilized) and tensile stress–strain curves (significant global formability,
lower yield strength and different yielding behavior depending on QT condition). In
multiphase steels, generally, materials with strong hardness differences among the phases
present better global formability [64]. In contrast, steels with a low hardness ratio among
the phases give rise to higher local forming ability. When comparing the microstructures
resulting from low and high PT treatments applied in M-MnNi and L-Mn steels, respectively,
there were several microstructural features that may influence the expected hardness
ratio. On the one hand, after high PT treatments, the martensitic matrix was expected
to be softer as a result of the more intense tempering. On the other hand, the lower-
stability RA likely transformed quite early to martensite, introducing a hard phase into the
microstructure. Therefore, the softer matrix and the early introduction of a hard constituent
in the microstructure could indicate a higher hardness ratio after high PT treatments.

The effects of QT in high partitioning temperature cycles were evident in the yielding
behavior. Different mechanisms have been proposed for the occurrence of discontinuous
yielding. These mechanisms have been recently reviewed by Raabe et al. in [39]. One of
the mechanisms is related to the presence of a high area fraction of the grain boundaries
in ultrafine-grained microstructures. It has been observed that, in some materials, such as
pure Al, austenitic steels and interstitial-free (IF) steels, which normally show a continuous
yielding behavior, discontinuous yielding becomes prevalent when their grain sizes are
reduced to an ultrafine level [65]. According to Sun et al. [41], ultrafine grain size could also
play a significant role in the occurrence of discontinuous yielding in intercritically annealed
medium Mn steels. In the present work, the fact that discontinuous yielding was observed
in the QT15 condition could be related to the presence of a finer microstructure, as observed
by means of FEGSEM, although a more detailed examination of the microstructure would
be required.

The Portevin–Le Chatelier (PLC) effect was another plastic instability observed in
M-MnNi steel after high partitioning temperature treatment. Medium Mn steels with an
ultrafine-grained ferrite and austenite microstructure with a globular grain morphology
have also been reported to present this effect. Raabe et al. [39] argue that the proposed
mechanisms to explain PLC steels cannot be directly adopted for these types of steel, due
to their very different microstructures and deformation mechanisms. In [39], some findings
related to this phenomenon in medium Mn steels are reviewed, such as the occurrence of
this phenomenon only in the intermediate austenite stability range [42] and the formation
of PLC bands always accompanied by local martensite formation inside these bands [66].

The influence of quenching temperature and partitioning time conditions on tensile
properties was related to the observed microstructure. In Figure 13, the average values of YS
(Figure 13a), TS (Figure 13b), TEL (Figure 13b) and the product of TS and TEL (Figure 13d)



Metals 2022, 12, 483 22 of 26

are represented as a function of partitioning time for both steels and QT conditions. In
the low PT treatment, M-MnNi steel presented slightly lower tensile strength than the
L-Mn steel, which means that neither the higher alloying content nor the higher amount of
RA contributed to increasing strength. In the high PT treatments, higher strengths were
obtained at shorter times, at both the QT15 and QT25 conditions. Moreover, interestingly,
the strengths obtained at the shortest times were comparable to the strengths obtained
at low partitioning temperature conditions. It seems that at a shorter time, the strain-
induced transformation of austenite provided enough hardening to compensate for the
expected softening of the martensitic phase by tempering. At longer times, however,
a stronger softening of the martensite could be expected, which, overall, decreased the
tensile strength. The decrease in strength with Pt was significant particularly for the QT25
condition, which could be a consequence of the coarser microstructure in comparison with
the QT15 condition. The decrease in YS was particularly strong for the QT25 condition,
which, as for TS, could be related to the coarser microstructure in this case, although
austenite’s mechanical stability could also play a role.
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Figure 13. Tensile properties as a function of partitioning time after Q&P treatments of L-Mn and
M-MnNi steels with different PTs (400 ◦C and 650 ◦C) and QTs (QT15 and QT25): (a) Yield strength;
(b) Tensile strength; (c) Total elongation; (d) Product of tensile strength and total elongation.

The total elongation strongly depended on the alloy and the Q&P condition. In the
high PT treatments, outstanding elongation values were obtained, which were related to the
strain-induced transformation of austenite. In this case, elongation improved by increasing
the partitioning time, which could be related to the stronger tempering of martensite at
longer times and/or a better TRIP effect. The elongation was higher in the QT15 condition,
which means that the finer microstructure observed in this case contributed to the enhanced
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elongation, although, as indicated earlier, austenite’s mechanical stability could also play
a role.

Bending and hole expansion results are also represented as a function of partitioning
time in Figure 14. The reference L-Mn steel exhibited a very good bending angle, which
was in agreement with the behavior observed in the tensile test (high local formability).
The low PT applied in M-MnNi steel resulted in a very poor bending angle, in agreement
with the low elongation values obtained in this condition. Interestingly, M-MnNi steel
treated at high PT also presented a very good bending angle. In the low QT and 300 s
Pt condition, the bending angle was almost as good as in L-Mn steel. However, it was
not accompanied by a good response in the hole expansion test, showing that the M-
MnNi steel has poor hole expansion behavior. In the hole expansion test, the strain is
more localized than in the bending tests. The microstructure of steels processed by a
low PT cycle, containing tempered martensite, low bainite, retained austenite and fresh
martensite in various proportions, possesses a very serious advantage as the difference
in hardness between microstructure constituents is not very significant so that the stress
distribution upon loading is relatively uniform [14]. It can explain the better hole expansion
results obtained in L-Mn steel. In M-MnNi steel, low-stability RA likely transformed quite
early to martensite, introducing a hard and brittle phase into the area of highest strain.
A significant hardness difference between microstructural constituents has been found
detrimental for hole expansion [64,67]. Additionally, given the low expected mechanical
stability of austenite, likely a fraction of martensite was available after punching the hole
due to the massive TRIP effect during the punching operation, which further contributes to
the hardness gradients, resulting in very poor hole expansion. Hole expansion could be
improved by decreasing the strength difference between the soft and hard phases. This
could be achieved in two different ways: (i) additional tempering for the hard phase;
(ii) increase in the strength of the soft phase by microalloying, although this would imply
a change in the composition and it would be necessary to find new optimum conditions.
Additionally, laser cutting could be a solution (as in hot stamping) for the industrialization
of M-MnNi steel.
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Figure 14. Bending angle as a function of partitioning time after Q&P treatments of L-Mn and
M-MnNi steels with different PTs (400 ◦C and 650 ◦C) and QTs (QT15 and QT25). Hole expansion
results in some of the Q&P conditions in both steels.

5. Conclusions

In the present study, the effects of applying a high partitioning temperature that
corresponded to the start of the ART phenomenon were investigated in a medium Mn-Ni
steel. The major conclusions of this investigation are as follows:
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• High volume fractions of austenite, in the range of 0.25–0.40, were obtained after short
partitioning times, which was explained by the fact that new austenite could form
not only by nucleating new grains but also by the direct growth of initial austenite,
enhancing the kinetics of austenite reversion.

• Quenching temperature strongly influenced both the final microstructure features and
the austenite’s thermal stability. The lowest QT condition led to a final microstructure
with more and finer retained austenite and finer MA islands.

• The medium Mn-Ni steel and associated high partitioning temperature Q&P cycles
resulted in very promising tensile strength/elongation balances. The best results
(29 GPa%) were obtained in the lowest QT condition. Under mechanical loading, sig-
nificant stress-induced transformation was expected to have occurred below the yield
stress. The austenite that was stable at stresses above the yield stress provided signifi-
cant TRIP-assisted ductility. However, the overall austenite stability was considered to
be relatively low due to the low carbon content of austenite and the constraining effect
of the weaker surrounding martensite.
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